We investigated the interaction of the avian retrovirus ppl2 protein with viral RNA to assess its possible role in virion assembly. 
(Pr-C), and PR-E 95C virus ppl2 proteins, the Kapp for binding 60S viral RNA was reduced 100-fold at pH 7.5. Thus, it seems possible that phosphorylation of the ppl2 protein could favor viral nucleocapsid formation by increasing its affinity for the viral RNA genome. Dephosphorylation could provide for its release from the viral RNA during reverse transcription after viral infection of cells.
Avian retroviruses contain a small basic phosphoprotein, ppl2, associated with the viral RNA in the virion core structure. Even though this is an abundant protein in the virion, little is known about its biological function in virus replication. The protein is translated as part of a 76,000-dalton gag precursor polypeptide that contains all five of the structural proteins of the virus. Shortly after synthesis, this gag precursor polypeptide becomes phosphorylated at serine residues in regions corresponding to both ppl2 and ppl9 proteins (7, 13, 16) . The precursor is cleaved proteolytically by the viral p15 protein to yield the five structural proteins of the sizes found in mature virions (5, 8, 24) .
The complete amino acid sequence of the ppl2 protein purified from Rous sarcoma virus (RSV) (Pr-C) was determined previously (K. Misono, S. Farida, J. Leis, and T.Vanaman, Fed. Proc. 39: 1611, 1980 ) and closely agrees with the predicted sequence determined from nucleotide sequencing (20) . It contains 89 amino acid residues with a molecular mass of 9,369 daltons. The molecule contains clusters of basic residues which are evenly distributed throughout the polypeptide chain. Some of these residues are presumed to be involved in the nonselective binding of this protein to single-stranded regions of the virus and other RNAs (14) . The equivalent protein (p10) purified from Rauscher leukemia virus has similar polynucleotide-binding properties (19) . Cyanogen bromide cleavage of the avian protein yields two polypeptide fragments, each of which binds to viral RNA (Misono et al., Fed. Proc., 1980) .
In this report, we further analyze the polynucleotide-binding properties of the ppl2 protein from three separate avian retroviruses and present evidence that the protein preferentially binds to single-stranded polynucleotides, that the intact ppl2 protein exists in two RNAbinding states such that conversion from one state to the other is regulated by the degree of phosphorylation of the protein, and that both lysine and arginine residues are involved in binding polynucleotides. (AMV) . RSV (Pr-C), and PR-E 95C virus were grown as previously described (3, 12, 15) .
Purification of ppi2 protein. The ppl2 protein was purified from RSV (Pr-C), AMV, or PR-E 95-C virus as previously described (12) . The viral structural proteins were solubilized from chloroform-methanol-extracted virions with 0.1 M sodium phosphate (pH 7) in the presence of 0.1% Triton X-100-0.1% 2-mercaptoethanol. The Habeeb (9) .
Chemical modification with phenylglyoxal. RSV (Pr-C) ppl2 (12.4 pg) was incubated in a 50-pl volume of 0.12 M sodium carbonate (pH 7.5)-20 mM phenylglyoxal at room temperature for various lengths of time, and 5-p.l samples were withdrawn as indicated.
These were diluted with 9 [l of 10 mM NaCI-10 mM Tris-hydrochloride (pH 7.5)-10 mM NaCI-0.1 mM dithioerythritol and incubated at 4°C for 10 min. The binding mixture was then diluted with 1 ml of the above-described buffer and immediately passed through presoaked nitrocellulose filters. The filters were washed twice with 2.5 ml of the above-described buffer and dried, and the radioactivity retained on the filter was determined in a liquid scintillation counter. When the binding reactions were carried out at different pH values, 10 mM sodium citrate (pH 4.5), 10 mM sodium acetate (pH 5.1, 5.5, 5.8. and 6.1), or 10 mM sodium cacadylate (pH 6.5 and 7.0) were substituted for the 10 mM Tris-hydrochloride (pH 7.5) in the above-described buffer. Scatchard plots of the binding data were used to calculate the apparent binding constants (Kapp) of the ppi2 protein for the various polynucleotides.
Proton NMR studies of ppl2 protein. Proton nuclear magnetic resonance (NMR) spectra were obtained at 270 MHz in a 5-mm probe by use of a Bruker WH 180/270 Fourier transform NMR spectrometer equipped with a Nicolet 1180 computer. The probe temperature for all the measurements was 21°C. Data (2,000 scans per spectrum) were gathered, using the first 8,192 data points in the quadrature mode, a 900 pulse (7 p.s), and a total delay of 1.7 s. Data were transformed after zero filling with the full 32.768 data points.
Samples of ca. 10 mg of ppi2 protein were lyophilized several times from deuterated water (1D.O). and a trace amount of 3-trimethylsilyl propionate was added as an internal reference at 0.0 ppm. Samples (0.5 ml) were placed in 5-mm sample tubes from Wilmad Glass Co. The pH was adjusted with 0.1 M DCI or 0.1 M NaOD and checked before and after obtaining the NMR spectrum. The pH reading was not corrected for deuterated water. Theoretical pH curves were fitted to the pH-dependent 'H chemical shifts of ppl2 histidyl protons as described by Dwek (6) .
RESULTS
Involvement of ppl2 amino acid residues in RNA binding. The nature of the amino acid residues involved in the interaction of ppl2 with RNA had not been investigated previously. However, the positively charged arginine and lysine residues were considered strong candidates for interaction with the phosphate backbone of RNA (or DNA), especially since these residues are found in clusters throughout the polypeptide chain of the ppl2 protein. This hypothesis was tested by modifying chemically each type of residue and determining if the affinity of the modified ppl2 for RNA was altered.
The involvement of 1 or more of the 11 positively charged arginine residues of RSV (Pr-C) ppl2 in RNA binding was tested by modification of these residues with the arginine-specific reagent phenylglyoxal (4, 18) . Modification of arginine residues completely abolished RNA binding ( Table 1) . Incubation of ppl2 under the conditions described above but without phenylglyoxal had no effect on RNA-binding activity (data not shown). The involvement of the NH,- b The retention of 244 pmol of 60S RSV (Pr-C) RNA to the nitrocellulose filters is 100% binding. ' The retention of 231 pmol of reovirus RNA to the nitrocellulose filters is 100% binding.
terminus and the five positively charged lysine residues of ppl2 in binding to RNA was examined by studying the effect of modification of these residues with TNBS as described by Habeeb (9) . When 45% of the amino groups were modified as determined by measuring the absorbancy at 340 nm (data not shown), ppl2 no longer bound RNA to the nitrocellulose filters (0.4% TNBS, Fig. 1 ). In the primary sequence of RSV (Pr-C) ppl2, the five lysine residues were found in two clusters: at residues 36, 37. and 38 and at residues 57 and 61. It is interesting to note, therefore, that when about half of the amino groups of the protein were modified, the RNA-binding activity of the protein was blocked.
Effect M-,as previously reported (14) . The K app for binding RNA at pH 4.5, on the other hand, was calculated to be 3.4 x 109 M-l, a value decreased more than 32-fold from that at pH 7.5. To more accurately determine the effect of pH on the binding of AMV ppl2 to 60S viral RNA, the Kapp was determined as a function of pH between 4.5 and 7.5 (Fig. 3, closed circles) . We observed a large decrease in ppl2-binding affinity for viral RNA when the pH was dropped below 6, with the midpoint of this change occurring at pH 5.5. A similar pH-dependent decrease in the Kapp for binding 60S RSV (Pr-C) RNA was observed for the RSV (Pr-C) ppl2 protein (Fig.  3, open circles) .
Effect of pH on binding of RNA to cyanogen bromide peptides of RSV (Pr-C) ppl2. The pH affected the ability of the ppi2 protein to bind to RNA (Fig. 3) . The question arises as to whether this is a property of the protein itself or of the RNA to which it binds. It was previously demonstrated that cyanogen bromide treatment of RSV (Pr-C) ppi2 protein produces a polypeptide containing the 53 NH,-terminal residues and a polypeptide containing the remaining 36 COOHterminal amino acid residues, both of which bind to viral RNA (Misono et al., Fed. Proc. 39:1611, 1980). The two cyanogen bromide peptides of RSV (Pr-C) ppl2 were prepared as described above, and their affinity for binding to 60S RSV (Pr-C) RNA was determined as a function of pH (Fig. 3, open and closed Fig. 4 . As expected, the proton resonances of the tyrosine, tryptophan, and phenylalanine residues were largely independent of pH 8.2 -values below 9 (Fig. 4, lines 1 to 9 ). In contrast, 0v the protons of the two histidine residues in the ppl2 protein titrate with pKa values of 6.18 and 8.0 _ \ 6.22 for the C(2)H protons and 6.2 for both C(4)H protons (Fig. 4, closed circles) . These _ residues known to be present in the ppl2 protein '--__---HIS C(4H (13) may be involved in modulating its RNAbinding activity. ,idues of AMV ppl2. The curves (---) drawn for the The ppl2 protein was purified from RSV (Pr-C)
;tidine (HIS) C(2)H and C(4)H protons are theoreti-grown in the presence of 32p. When this protein curves; the parameters for the two C(2)H protons was analyzed by SDS-polyacrylamide gel elecas follows: pKa, 6.18; 8HX, 8.6 ppm, and AX . trophoresis (Fig. 5, lane 7) , all of the 32p label 70 ppm; and pKa, 6.22; 5HX, 8 .64 ppm, and AX , was found to comigrate with the ppl2 protein, as 70 ppm. The parameters for both C(4)H protons are detected by Coomassie blue staining (lane 6).
follows: pKa, 6.2, 8HX 7.30 ppm, and bX-6.95 Thus, the 32P label could be used to monitor the m. (0) Histidine titers. The remaining resonances, Thunt of late ociated with the mbered 1 to 9 (0), derive from as yet unassigned amount of phosphate associated with the pro-)tons from the phenylalanine, tryptophan, and two tein. The ppi2 protein was treated with alkali or rosine residues of the AMV ppl2 protein.
BAP; a sample of the protein was acid precipitated to determine the amount of phosphate released, a second sample was analyzed by activated by a similar treatment. We conclude, SDS-polyacrylamide gel electrophoresis, and a erefore, that none of the cysteine residues of third sample was used to determine the Kapp for 3V (Pr-C) ppl2 are located in the RNA-binding binding viral RNA as described above. e or associated with the pH dependence of Incubation of the RSV (Pr-C) ppi2 protein 4A binding.
with 0.2 M NaOH for 1 h or with BAP at pH 8 Proton NMR analysis of ppl2 protein. The data for 27 h resulted in the release from the protein esented in Fig. 3 suggest that one or more of 70 and 74% of the phosphate label, respectiveiino acid residues of ppl2 which have a pKa ly. Neither procedure resulted in cleavage of the lue of about 5.5 may be responsible for the ppl2 protein, as analyzed by SDS-polyacrylLnsition from the high-affinity to the low-affini-amide gel electrophoresis (Fig. 5) . The majority RNA-binding state. Only a few amino acid of the Coomassie blue-staining material was sidues have side chains with pKa values near detected on the gel as a single band in the is pH: histidine (pKa, 3 to 8.5 [11] ); phospho-location of ppl2. Similar results were obtained rine (pKa, 5 .65 for the free amino acid); glu-for the AMV and PR-E 95C ppl2 proteins after mic and aspartic acids (pKa, 3.4 to 4.6); and alkali treatment (Fig. 5) . The Fig. 6A . The Kapp for the RSV (Pr-C) ppi2 protein dephosphorylated by incubation with BAP was calculated from a Scatchard plot similar to that shown in Fig. 6A (data not shown) and thus was the same as for the protein treated with alkali.
Incubation for shorter periods by either procedure resulted in the release of less of the phosphate from the 32P-labeled RSV (Pr-C) ppl2 protein. For instance, incubation of the RSV (Pr-C) ppl2 protein with BAP for 5 h released only 21% of the phosphate label from the protein. The binding to 60S RSV (Pr-C) RNA by this partially dephosphorylated RSV (Pr-C) ppl2 protein was determined, and these data are shown in a Scatchard plot in Fig. 6B . In contrast to what is observed for Scatchard plots for native ppl2 (14) or for ppl2 protein with 70% of the phosphate released (Fig. 6A) (Fig. 7) . These results, taken together with those in Fig. 3 Effect of enzymatic and alkaline dephosphorylation of the avian retrovirus pp12 protein on its binding to 60S RSV (Pr-C) RNA. 32P-labeled RSV (Pr-C) ppl2 protein (as indicated) was treated with either BAP or 0.2 M NaOH at 38°C for various lengths of time as described in the text. The extent of phosphate released from the ppi2 protein was determined by the conversion of 32p label from an acid-insoluble to an acid-soluble form as described in the text. The extent of dephosphorylation of the AMV and PR-E 95-C ppl2 proteins was estimated by incubating equal amounts of the unlabeled protein with 32P-labeled RSV (Pr-C) ppl2 as a marker. The Kapp of the treated protein for binding 60S RSV (Pr-C) RNA was determined as described in the text, except that the amount of 32p label remaining with the protein, which was less than 5% of the total 32p labeled, was subtracted from the amount of 32p label retained on the nitrocellulose filter when the RNA was present. The ppl2 protein was separated from the alkaline phosphatase before the RNA-binding determination as described in the text. Symbols: 0, RSV (Pr-C) ppl2 treated with BAP; 0,
